Introduction {#Sec1}
============

In recent years many scientists have independently proven that minerals promote polymerization of amino acids into protein-like structures, support development of lipidic layers and stimulate and serve as scaffolds for the self assembly of RNA nucleotide(Lambert [@CR13]; Hazen [@CR8]). Among all of the minerals known to mankind, quartz seems to be one of the most probable to participate in prebiotic chemistry. Apart from being the most common mineral on Earth, many distinctive features, such as homochirality, piezoelectricity and the ability to form free radicals under mechanical activation seem to support its plausible role in the formation of life (Damm and Peukert [@CR5]).

As a stable mineral, quartz does not possess a high potential to initialise, alter or steer any chemical process. In order to do so, some source of external energy is needed (Pross [@CR16]). A highly probable source of such energy seems to be electric discharge. In the small water pond, filled with quartz crystals and amino acids, such an occurrence could cause reverse piezoelectric effects in the crystal, hydrolysis of water and ozone generation (Sahni and Locke [@CR19]; Ueda et al. [@CR24]). These factors could influence molecular structure and/or constitution of organic compounds.

Fourier transform infrared spectroscopy (FTIR) has proven in the past to be a very powerful analytical technique, especially when used in Attenuated Total Reflection (ATR) mode (Kazarian and Chan [@CR11]). It can be successfully applied as a method of analysis for solid samples (Wróbel et al. [@CR26]). Low sample amount requirement, no additional sample preparation and ability to measure aqueous solutions are the greatest advantages of the method. However, the true potential of the technique lays in the application to more demanding samples, such as single cells (Wróbel et al. [@CR27]).

The aim of the work presented here was to examine the hypothesis that quartz, under the influence of electric discharge, could modify the molecular constitution and/or structure of simple amino acids. The idea that dipeptides and polypeptides can be created under such condition was investigated. Among 22 proteinogenic amino acids, two of the simplest structures were chosen---alanine and glycine. Short side chains and no inorganic substituents should simplify the eventual reaction, increasing the chance for better understanding the whole process. Chemical changes in the tested compounds were monitored in time using the FTIR-ATR method, as well as by UV--VIS spectroscopy and the use of DPPH as a scavenger.

Materials {#Sec2}
=========

Quartz {#Sec3}
------

Quartz of highest purity was obtained from the Jagielowa mine (near Strzelin, Poland), crushed and sieved, in order to obtain a fraction, named large quartz (LQ), with grains of diameter size between 0.1 and 2 mm.

Quartz purity was evaluated using FTIR-ATR spectroscopy (an infrared spectrum is shown in Online Resource 1, S.M. [1](#MOESM1){ref-type="media"}) Only bands attributable to quartz can be seen, which, along with band intensity proportions, prove the crystallographic structure and relatively low contribution of defects (Apopei et al. [@CR1]; Saikian et al. [@CR20]; Shneider [@CR21]; Bobrowski and Holtzer [@CR3]; Shoval [@CR22]; Hlavay et al. [@CR9].)

Amino Acids {#Sec4}
-----------

Both alanine and glycine of 96 % purity were purchased from Sigma Aldrich. For evaluation of structural changes, both amino acids were dissolved and diluted in distilled water to 0.019 M and 0.011 M concentrations, respectively. For free radicals' detection, glycine solution of 0.015 M concentration was prepared.

DPPH {#Sec5}
----

Free radical generation and kinetics under influence of electric discharge and piezoelectric quartz were assessed using 2, 2-diphenyl-1-picrylhydrazyl (DPPH Sigma Aldrich, molar mass 394.32 g/mol) as a scavenger. DPPH was dissolved in methanol (J.T. Baker, 1112231002, 99.99 % purity) and diluted with water to concentration of 3\*10^−5^ M (abbreviated DPPH~s~ throughout the article).

Methods {#Sec6}
=======

Electric Discharge Apparatus {#Sec7}
----------------------------

An especially designed, custom-made, electric discharge device was used (Fig. [1](#Fig1){ref-type="fig"}). The apparatus was previously used by one of the authors (Pawlikowski [@CR15]). The instrument is equipped with an electrode connected to a high voltage (approx. 50 kV) generator. The sample is put in the rotating reaction container (with a base made out of copper plate, used to create the proper electrical potential difference) and exposed to an electric discharge at the rate of two strikes per second.Fig. 1Scheme of the electric discharge apparatus

Detection and Kinetics of Free Radical Generation {#Sec8}
-------------------------------------------------

The experiments were based on methods proposed by Damm and Peukert ([@CR5]), using DPHH as a free radical scavenger. DPPH is a highly stable free radical, which, after dissolving in alcohol, forms a purple mixture, exhibiting two bands of maximum absorption at 511 and 325 nm. The reaction with free radicals results in bleaching and can be easily monitored using a UV--VIS spectrometer. Rate of DPPH bleaching depends on the rate and the amount of generated free radicals.

All UV--VIS measurements were performed using a Perkin Elmer spectrometer, model Lambda 35. Spectral range was set to 200--1,000 nm. Disposable, 1.5--3 ml PMMA (Poly methyl methacrylate) cuvettes were used.

In order to evaluate free radical generation under the experimental conditions, four separate tests, using four different combinations of compounds were conducted:1.5 ml of DPPH~s~ and 6 ml of water;1.25 ml of DPPH~s~ and 5 ml of glycine solution1.5 ml of DPPH~s~ and 6 ml of water with LQ1.25 ml of DPPH~s~ and 5 ml of glycine solution with LQ

Each mixture was put in the reaction container of the electric discharge generator and exposed to electric discharge for 55 min. Every 5 min, the electric discharge apparatus was stopped, 2 ml of the solution was pipetted, put in the disposable cuvette and its UV--VIS spectra was collected. After the data acquisition, the content of the cuvette was put back in the reaction container and the electric discharge apparatus was turned back on.

Reaction Products Assessment {#Sec9}
----------------------------

Infrared spectral data was collected using a commercial Bruker FTIR-ATR spectrometer (Alpha equipped with Platinum ATR QuickSnap^TM^ sampling module with a diamond ATR crystal for solids and liquids, A220/D-01). Spectral range was set to 4,000--400 cm^−1^, number of scans---128, as a background a clean ATR crystal was used. Experiments were performed for both amino acids separately with LQ in the reaction container and the blank test was performed using glycine without quartz. Reaction mixture was exposed to electric discharge for 70 min and every 10 min approx. 0.5 ml of the solution was pipetted and measured using FTIR-ATR spectrometer. After 70 min, the samples were filtered, in order to eliminate the quartz from the solution, and dried at room temperature and pressure. Resulting crystals were also analysed on the FTIR-ATR device.

Data Treatment {#Sec10}
==============

All infrared spectra were analysed and handled using OPUS 6.0 and EssentialFTIR software. No ATR corrections for dispersion and depth penetration were performed---the outcome data were not compared to any standard FTIR spectra. Presented spectral plots were created using Origin 8.6. UV--VIS spectra were analysed using Specwin32.

Results and Discussion {#Sec11}
======================

Free Radicals {#Sec12}
-------------

Free radical formation in all of the reaction mixtures was proven by DPPH bleaching. With time, the value of both maxima of absorption bands in UV--VIS spectra decreases gradually (Online Resource 1, S.M. [2](#MOESM1){ref-type="media"}), therefore it can be assumed that the reaction of DPPH recombination is strictly time-dependent.

In order to compare the rates of DPPH bleaching in each mixture, reaction rate constants were calculated, assuming first-order reaction kinetics. Values of both absorption maxima are strictly correlated, the results for band at 540 nm are presented here. All spectra were fitted manually (as in Online Resource 1, S.M. [3](#MOESM1){ref-type="media"}). Absorption values were determined using program functionality.

Reaction rate constant (k) was calculated using Eq. [1](#Equ1){ref-type=""}.$$\documentclass[12pt]{minimal}
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Equation [1](#Equ1){ref-type=""} Rate constant calculation. I -- absorbance instantaneous value, **I**~0~ -- absorbance value at t = 0, t -- time \[s\]
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                \begin{document}$$ \ln \frac{\mathrm{I}}{{{{\mathrm{I}}_0}}} $$\end{document}$ values plotted against time are presented in Fig. [2](#Fig2){ref-type="fig"}. Highest rate of reaction is represented by mixture of quartz and glycine (6.6 · 10^−3^\[s^−1^\]) nearly two times lower rate is obtained for the blend of water with quartz (3.6 · 10^−3^\[s^−1^\]). Reaction rates for both mixtures without quartz (pure water solution and glycine in water solution) are significantly lower ((3.0 · 10^−3^\[s^−1^\]) and (2.2\*10^−3^\[s^−1^\]), respectively).Fig. 2Kinetics of the free radicals generation

Therefore, the presence of glycine in water does not influence the rate of radical generation as much as the presence of quartz. Additionally, it seems that a combination of both factors enhances the reaction rate significantly -- almost twofold. Considerably lower and similar reaction rates of the both tests performed without quartz can be ascribed to free radicals originating only from water hydrolysis (Sahni and Locke [@CR19]). Possibly, additional factors provoke different pathways of radical generation, including initiation and propagation. The mechanism of such reaction can possibly be similar to the one suggested by Damm and Peukert ([@CR5]).

Reaction Products Assessment {#Sec13}
----------------------------

The time dependent measurements of alanine solution subjected to electric discharge with quartz can be seen in Online Resource 1, S.M. [4](#MOESM1){ref-type="media"}, however, the differences observed in the spectrum are possibly attributed mostly to quartz (Apopei et al. [@CR1]; Saikian et al. [@CR20]; Shneider [@CR21]; Bobrowski and Holtzer [@CR3]). It was concluded that under the electric discharge, causing piezoelectric tensions, quartz disintegrates into very small pieces that obscure the analysis of the solutions. Therefore, measurements of the crystallites of the whole reaction mixture were assumed to be more accurate for the reaction interpretation.

A blank test of glycine solution without quartz seems to support the thesis that the reaction is mostly quartz dependent---no new bands were visible in the IR spectrum (Online Resource 1, S.M. [5](#MOESM1){ref-type="media"}). Despite being the simplest proteinogenic amino acid, glycine is probably one of the most problematic to examine, due to the co-existence of three different polymorphs (Chernobai et al. [@CR4]; Ferrari et al. [@CR6]). The spectra of glycine---before and after the reaction are represented in Fig. [3](#Fig3){ref-type="fig"}, with arrows indicating new visible bands. The full spectrum is presented in Online Resource 1, S.M. [6](#MOESM1){ref-type="media"}. However, as the distinction between polymorphic transitions and structural alteration, caused by electric discharge, appears to be unachievable at the current stage of experiment, no further examination of data was attempted.Fig. 3FTIR-ATR spectra of the glycine---before (*red*) and after the reaction (*blue*), in different spectral ranges: **a** 3,300--1,900 cm^−1^ and **b** 1,700--400 cm^−1^. Spectra were offset for clarity

For these reasons, the experiment was performed with alanine, as it has only one polymorphic structure. The comparison between spectra before and after the reaction is shown in Fig. [4](#Fig4){ref-type="fig"}-- again the biggest changes are indicated by arrows and full spectra are presented in Online Resource 1, S.M. [7](#MOESM1){ref-type="media"}. It seems that only small amount of alanine underwent the reaction, as the obtained spectrum is largely the spectrum of the substrate. Apart from the appearance of new bands, the relative intensities of the original bands also do change.Fig. 4FTIR-ATR spectra of the alanine---before (*red*) and after the reaction (blue), in different spectral ranges: **a** 3,300--2,000 cm^−1^ and **b** 1,700--300 cm^−1^. Spectra were offset for clarity

Therefore, in order to evaluate the changes in intensity, integration of all of the bands (data not shown) and normalization to two bands (650 and 2,986 cm^−1^) was performed. The bands, that the spectra were normalized to, seemed to be invariable to the reaction, with respect to band position and shape. Only changes greater than 10 % of the starting intensity were taken into account and analysed (Online Resource 1, S.M. [8](#MOESM1){ref-type="media"}).

After the reaction, 10 new bands at approx. 1330, 1038, 931, 897, 798, 694, 682, 589, 537 and 506 cm^−1^, appeared, showing the creation of new reaction products of alanine. It was assumed that the reaction proceeded with the occurrence of oxygen radicals, since they are very probable to be created in a water solution.

According to Johnson et al. ([@CR10]), reaction of amino acids with water---based free radicals, results in formation of aldehydes and keto acids. Therefore, mainly pyruvic acid and acetaldehyde should be formed from alanine. This is supported by the appearance of new bands at 506, 589, 681, 798 and 1,330 cm^−1^ (Kleiner et al. [@CR12]; Reva et al. [@CR17]; Spectroscopy online, cited 11 28, [@CR23]). This would also provide an explanation for some of the increased intensities. For more detailed data and list of references, refer to Online Resource 1, S.M. [8](#MOESM1){ref-type="media"}.

Since the NH~2~ group of amino acids should also be easily and readily oxidized to NO or NO~2~, formation of nitro---based species cannot be excluded. This would be supported by new bands at 694, 897 and 1,039 cm^−1^ (Spectroscopy online, cited 11 28, [@CR23]) and some of the changing intensities (Barthes et al. [@CR2]; Gerakines et al. [@CR7]; Minkov et al. [@CR14]; Rozenberg et al. [@CR18]; Wang et al. [@CR25]) (Online Resource 1, S.M. [8](#MOESM1){ref-type="media"}).

Further and indisputable explanation of an ongoing reaction and identification of its products would require performing more specific analyses, namely mass spectroscopy or chromatography. However, from this very preliminary experiment it can be concluded that formation of dipeptides or any polypeptides is highly unlikely in the studied environment. Treatment of quartz with an electric discharge creates a radical rich, mostly oxidizing environment. The main compounds identified are products of degradation of alanine and if any peptide synthesis occurred, the products would be destroyed in a similar fashion. Therefore, close proximity of quartz along with electric discharge does not create a suitable platform for creation of proteins.

Conclusion {#Sec14}
==========

The performed experiments and presented results have proven that quartz, under the influence of electric discharge, has the potential to stimulate chemical transitions and reactions of amino acids, namely glycine and alanine. The main catalysing factor of such reaction seems to be free radicals---their generation had been proven by DPPH-based UV--VIS examination. Although the results are preliminary, along with the literature (Johnson, et al. [@CR10]), they suggest transition of amino acids into aldehydes and keto acids, which bands were found in the spectra of the products. However, further confirmation by performing additional tests is required in order to specifically define the products. Therefore, it is concluded that quartz, along with electric discharge does not create a suitable environment for creation of peptides.
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